DNA damage repair is implicated in neurodegenerative diseases; however, the relative contributions of various DNA repair systems to the pathology of these diseases have not been investigated systematically. In this study, we performed a systematic in vivo screen of all available Drosophila melanogaster homolog DNA repair genes, and we tested the effect of their overexpression on lifespan and developmental viability in Spinocerebellar Ataxia Type 1 (SCA1) Drosophila models expressing human mutant Ataxin-1 (Atxn1). We identified genes previously unknown to be involved in CAG-/polyQ-related pathogenesis that function in multiple DNA damage repair systems. Beyond the significance of each repair system, systems biology analyses unraveled the core networks connecting positive genes in the gene screen that could contribute to SCA1 pathology. In particular, RpA1, which had the largest effect on lifespan in the SCA1 fly model, was located at the hub position linked to such core repair systems, including homologous recombination (HR). We revealed that Atxn1 actually interacted with RpA1 and its essential partners BRCA1/2. Furthermore, mutant but not normal Atxn1 impaired the dynamics of RpA1 in the nucleus after DNA damage. Uptake of BrdU by Purkinje cells was observed in mutant Atxn1 knockin mice, suggesting their abnormal entry to the S-phase. In addition, chemical and genetic inhibitions of Chk1 elongated lifespan and recovered eye degeneration. Collectively, we elucidated core networks for DNA damage repair in SCA1 that might include the aberrant usage of HR.
INTRODUCTION
The molecular pathology of neurodegeneration linked to CAGpolyQ expansion is becoming more complex. Investigation of inclusion body components has supported critical roles for protein degradation systems, including the ubiquitin-proteasome and autophagy systems, in the detoxification of polyQ proteins (1) (2) (3) (4) (5) (6) , and accumulation of insoluble polyQ proteins at the aggresome has been shown to impair the protein degradation activity of the ubiquitin-proteasome system (7, 8) . The autophagy system is also impaired by interference with the transcription factor pathway, which includes peroxisome proliferator-activated receptor (PPAR)-g and PPAR-g coactivator 1 alpha (9, 10) . On the other hand, analyses of interacting partners of the soluble forms of polyQ proteins unraveled a major contribution of nuclear dysfunctions such as transcription (11) (12) (13) (14) , splicing (14) (15) (16) and DNA repair (17) (18) (19) (20) to the pathology of some polyQ diseases. RNA-mediated pathology has been implicated in some types of spinocerebellar ataxia (SCA) (21) (22) (23) (24) that are closely related to polyQ diseases with regard to CAG repeat expansion. Nucleolar stress by expanded CAG RNA regardless of the gene has also been proposed (25) . Furthermore, quality † These authors contributed equally to this work. * To whom correspondence should be addressed. Tel: +81 358035847; Fax: +81 358035847; Email: okazawa-tky@umin.ac.jp; okazawa.npat@mri.tmd.ac.jp # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com control of mitochondria has been implicated in Huntington's disease (HD) (26) . Consequently, elucidating the crosstalk network among multiple pathological domains and evaluating its relative significance is becoming more important.
SCA1 is one of nine polyQ diseases caused by the expansion of an unstable CAG trinucleotide repeat, located within the coding region of the respective mutant gene (27) . Like the other polyglutamine diseases, various biological abnormalities occur in the SCA1 disease pathology. RBM17, possessing an RNA recognition motif, also called Splicing Factor 45 (SPF45), interacts with the SCA1 disease protein Atxn1 in a polyQ-length-dependent manner (14) . The 14-3-3 protein also interacts with a similar C-terminal region of Atxn1 when it is phosphorylated by Akt (28) . The binding of 14-3-3 to Atxn1 leads to the dephosphorylation of Atxn1 at Ser776 (29) and plays an important role in the binding of RBM17 (14) . The transcriptional repressors CIC/capicua, a Sox2-like high-mobility group (HMG) protein (30) and HBP-1, an HMG-box transcription factor interact with the AXH domain of Atxn1 (31) . Retinoic acid receptor-related orphan receptor-alpha, which is involved in Purkinje cell development, is also depleted by mutant Atxn1 (32) . Polyglutaminebinding protein-1, a component of the spliceosome (33, 34) , also interacts with the polyQ tract sequence of Atxn1 and is colocalized with Atxn1 in specific nuclear bodies (13) . These interacting partners of Atxn1 strongly suggest that cellar dysfunctions in splicing and transcription induce a variety of downstream events and finally lead to the typical SCA1 phenotype (35) .
It is well known that DNA damage repair is tightly linked to transcription (36, 37) and splicing (38) . DNA damage pauses transcription to allow the repair machinery to restore the availability of genomic DNA for such biological processes in the nucleus (39, 40) and affects alternative splicing (41) . In addition, DNA double-strand breaks (DSBs) are intentionally created during transcription to relax the coiled double-stranded DNA and to make it accessible to the transcription machinery (42) . On the other hand, mutant Atxn1 reduced the expression of the DNA architectural proteins HMGB1/2 that are essential for multiple DNA damage repair mechanisms (19) . The Drosophila homolog of RBM17, a binding partner of Atxn1 (14) , was also implicated in DNA damage repair (43) .
However, DNA damage repair is a complex process and includes multiple types such as DNA double-strand break repair (DSBR), single-strand break repair (SSBR), base-excision repair (BER) and nucleotide-excision repair (NER). Thus it is unknown which type of DNA damage repair or which molecule plays a central role in SCA1 pathogenesis. In this study we addressed these questions systematically, combining an in vivo genetic screen of an hSCA1 Drosophila model and in silico analysis based on systems biology, and unraveled the core of the DNA damage repair network that contributes to the SCA1 pathology in which RpA1 is the hub molecule. Finally, we proved that intervention of the core network actually leads to lifespan elongation in the SCA1 Drosophila model.
RESULTS

DNA damage and repair in SCA1
We previously reported that Ku70, an essential molecule for the non-homologous end-joining type of DSB repair, significantly restores a previously reduced life span and motor performance of human HD Drosophila model (44) . Furthermore, we found recently that TERA/VCP/p97, another molecule for DSB repair, is disturbed in multiple polyQ diseases and its supplementation rescues the symptoms in Drosophila models (45) . These results prompted us to investigate the abovementioned issues regarding DNA damage repair in the SCA1 pathology.
First, we re-examined the DSB type of DNA damage in mammalian cerebellar neurons expressing mutant Atxn1, because DSB is the common final output of various DNA damage cascades (46) (47) (48) . This was investigated by analyzing histone 2A (H2AX) phosphorylation at Ser139, a well-known marker of DSBs (49, 50) , in Atxn1-154Q knockin (KI) mice. Purkinje cells and granule cells showed higher speckled signals (Supplementary Material, Fig. S1A ), supporting our expectation. Western blot analysis also revealed that H2AX phosphorylation increased before the onset of symptoms (Supplementary Material, Fig. S1B and C) . These results were consistent with our previous result that DSBs are increased in cerebellar neurons of the SCA1 mouse model (45) .
Therefore, this paper concentrated on identifying the particular types of DNA repair cascades involved in SCA1 pathogenesis. First, we found that a Drosophila SCA1 model showed pathology similar to mammalian SCA1 pathology. A transgenic fly expressing human Atxn1-82Q in motor neurons by the OK6-Gal4/upstream activating sequence (UAS) system showed increased phosphorylation of the Drosophila H2AX homolog, H2Av ( Fig. 1; Supplementary Material, Fig. S2 ). Cells positive for OK6-driven DsRed, whose localization was consistent with the ventral nerve cord (VNC), showed high signals of gH2Av (Fig. 1) . Cells positive for OK6-driven DsRed actually expressed mutant Atxn1 (Supplementary Material, Fig. S2 ). Given that DSB is the final stage of other types of DNA damage, for example single-strand DNA break and oxidative base damage (46) (47) (48) , the motor neuron model of SCA1 was considered a good tool to screen DNA damage repair cascades that contribute to the SCA1 pathology.
We therefore performed an initial in vivo screening of all available Drosophila homolog DNA repair genes, and tested the effect of their overexpression on the viability and lifespan of hSCA1 Drosophila models. For this purpose, the gene search (GS) system combined with the GAL4/UAS system, which allows the specific overexpression of a gene in a particular cell or neuron (51), was employed.
In the GS system, UAS constructs are randomly integrated into the chromosome. Thus, it was not possible to control the exact distance of the UAS construct to the target gene or obtain identical expression levels in all GS lines. However, the GS system is so far the best method to screen multiple genes with relatively similar expression levels of transgenes, compared with the screening method used previously (52) . located on the 2nd or 3rd chromosome, and three lines in which the UAS element was located on X chromosome were used to screen for virtual eclosion rate (VER) ( Table 1) . Two lines from the stock were unavailable. These genes were tentatively classified by their roles in DNA repair as described in the database (Table 1) . However, it is of note that many of them are involved in multiple types of DNA repair, which will be discussed later.
Initially, we screened the modifier genes by the VER assay, calculating the ratio between the number of male and female flies. The underlying theory is that the Atxn1 gene is on X chromosome, and the ratio between diseased females (UAS-Atxn1-82Q/+: OK6-GAL4/gene-X) and control males (Y/+:OK6-GAL4/gene-X) will reflect the effect of gene-X when compared with the positive control (the ratio in the SCA1 fly). This newly developed method was very easy to perform. Using the method, we could overcome a technical limitation that the eclosion rate could not be calculated directly. First, we found a reduction in VER in UAS-Atxn1-82Q/+: OK6-GAL4/+ Drosophila model (Fig. 2, positive control) . In the positive control, the VER female:male ratio (0.42) was similar to the corresponding direct eclosion rate in unpublished data (0.5), and the negative control ratios of Atxn1-82Q negative flies were as expected, with an approximate value of 1, signifying non-toxicity (Fig. 2) .
We crossed 36 fly lines of candidate genes ( Table 1 ). The effect of GS line overexpression on the viability of the UAS-Atxn1-82Q/+:OK6-GAL4/+ Drosophila model was analyzed using Welch's t-test (Fig. 2) . Three GS lines showed a statistically significant effect on VER recovery when compared to the positive control (UAS-Atxn1-82Q/+:OK6-GAL4/+) in RpA1/RpA70 (P ¼ 0.026), RecQ5 (P ¼ 0.004) and Grp/Chk1 (P ¼ 0.049), respectively ( Table 2) . These GS lines (RpA70, RecQ5 and Grp/Chk1) represent a single DNA repair mechanism, DSBR. VER was not highly reliable in some molecules like chrac-14 and CG8841/Dmc1 that were toxic for larva and/ or pupa (Tables 2 and 4 ). Other limitations of VER are described in Materials and Methods.
In vivo screen of drosophila DNA repair gene in lifespan assay
We previously reported a reduced life span in the UAS-Htt103Q/+: OK6-GAL4/+ Drosophila model (44) . Overexpression of the human DNA repair gene Ku70 was shown to recover the reduced lifespan in the HD model (44) . A homologous but improved approach was employed in this study with the UAS-Atxn1-82Q/+: OK6-GAL4/+ Drosophila model and GS lines to screen all available Drosophila homolog DNA repair genes.
The result showed a reduced lifespan of the positive control UAS-Atxn1-82Q/+:OK6-GAL4/+ (OK6 . Atxn1) (Supplementary Material, Fig. S3 ) in comparison with negative controls (Atxn1/+ or OK6/+). The overexpression of PNKP, RpA-70, Figure 1 . DNA double-strand breaks in Atxn1-Tg fly. Atxn1-82Q/DsRed or DsRed alone was expressed in motor neurons by the OK6 driver. Double-strand breaks (DSBs) in thoracic motor neurons and the VNC were examined using a DSB marker gH2Av. Left panels show the increase in gH2Av signals in the VNC compared with the control fly expressing DsRed alone. Flies were dissected at 7-10 days.
Spn-B, XRCC4, DNA polymerase eta, DNA polymerase epsilon, CycH and Per in GS lines recovered reduced lifespan of the SCA1 model fly (Fig. 3A) . In most of these genes, the survival rate was improved from young stage to aged stage of adult fly. For instance, at 21 days, 75% of the positive control (UAS-Atxn1-82Q/+: OK6-GAL4/+) flies were alive, whereas in such GS lines demonstrated higher survival percentages: 85% (Spn-B), 92% (XRCC4/ CG12728), 86% (DNA polymerase eta) and 83% (CycH), respectively (Fig. 3A, Supplementary Material, Fig. S3 ). Their survival rates remained higher than that of the SCA1 model fly after 30 days (Fig. 3A) . The maximum lifespan was also remarkably elongated by RpA1, Per, Spn-B and XRCC4/CG12728 (Fig. 3A , Supplementary Material, Fig. S3 ). Statistical evaluation with Wilcoxon's test supported the difference in lifespan (Table 3 ). Human homolog of these genes are shown in the list (Table 1) and the comparison between VER and lifespan assays are also shown (Table 4 ). Only RpA1 improved both VER and lifespan phenotypes (Table 4) . GS lines are generally expected to provide a constant expression level of each screened gene. However, UAS cassette was integrated into the genome at random. Hence, by using the database (http://gsdb.biol.se.tmu.ac.jp/~dclust/cgi-bin/site_serch_first. cgi?CLNLIBID=2&UID=2&M_UID=1) we checked the localization of UAS in relevance to the target genes that were selected from our screen (Table 5 ). Unexpectedly, UAS cassette was located only in the downstream of the RpA70 gene. In this case, three explanations will be possible for the positive effect on lifespan. The first one is that anti-sense RNA was produced by UAS cassette to suppress RpA70. The second one was that GAL4 binding to UAS acted as an enhancer for endogenous promoter of RpA70. The third one was a positional effect of integration that might not be related to RpA70. To test these possibilities, we performed real-time PCR and western blot to analyze mRNA and protein levels of RpA70. The mRNA and protein levels of RpA70 were both increased (Supplementary Material, Fig. S4A-C) , indicating that GAL4 enhanced expression of RpA70 from endogenous promoter. In addition, Fig. S4D ).
Controversial effects of Chk1 on VER and lifespan
Unexpectedly, we found that 12 genes further shortened lifespan of the SCA1 model fly (Fig. 3B ). These genes were Lig1, Lig3, Fen1, chrac-14, XAB2, Xpd, RecQ5, mus81, EME1, meiW68, mus309/BLM/RecQ2 and grp, and they were not categorized to a specific type of DNA damage repair. Most of the genes were toxic only when they were overexpressed in adult fly (Table 4) . However, Grp/Chk1 and RecQ5 improved VER during development but had negative effects on lifespan of adult fly (Tables 3 and 4 ). It is known that Chk1 ordinarily phosphorylates histone H3-Thr11 to remodel chromatin and activate transcription. When genomic DNA is damaged, Chk1 is phosphorylated by ATR and inactivates transcription (53) . Actually by our previous proteome analysis of nuclear proteins, increased phosphorylation of Chk1 was detected in primary neurons under the polyQ disease pathology (19) . In this study, we also detected increased DNA damage in motor neurons of the SCA1 model fly (Fig. 1) . Therefore, overexpression of Chk1 in mature neurons of adult disease fly might accelerate transcriptional repression and subsequent cellular processes including cell death. On the other hand, non-phosphorylated and cell-protective Chk1 might be more active in immature neurons of larva or pupa. RecQ family proteins are highly conserved from bacteria to human, which possess 3 ′ -5 ′ DNA helicase activity. It is of note that two RecQ proteins had a negative effect on lifespan ( Fig. 3B ) among five members in human: recQ1, mus309/BLM/ RecQ2, WRN/RecQ3, RecQ4 and RecQ5. Especially, RecQ5 was shown to have DNA-strand annealing activity that is suppressed by RpA1 (54), consistently with the reverse actions of ReQ5 and RpA70. Together with the finding that two DNA ligases, Lig1 and Lig3, worsened the lifespan shortening (Fig. 3B) , accelerated restructuring of genomic DNA in damaged regions seems unfavorable for neurons. We previously reported therapeutic effect of Ku70 on the lifespan of mutant huntingtin transgenic fly (44) . However, Irbp GS line expressing the Ku70 homolog did not substantially recover the lifespan shortening of UAS-Atxn1-82Q/+:OK6-GAL4/+ Drosophila model (Supplementary Material, Fig. S3C , Table 3 ) although transgenic co-expression of human Ku70 had a small but definitely positive effect on the lifespan of the same model (Supplementary Material, Fig. S5 ). The discrepant effects of Ku70 on HD and SCA1 models suggested that quantitatively or qualitatively different DNA damage repair molecules are utilized in two polyQ disease pathologies.
Core DNA repair networks of SCA1 elucidated by systems biology Next, we analyzed the results obtained in the screening using systems biology. We integrated quantitative data in the recovery by DNA repair genes and protein -protein interaction (PPI) data (BIND, BIOGRID, Cognia, DIP, INTACT, Interactome studies, MINT and MIPS) to identify core molecular networks that Figure 2 . Genetic screening of DNA repair genes modifying SCA1 by eclosion rate. VER of hSCA1 flies with GS cassette was calculated using the average female:male ratio over 7 days.
* P , 0.05 compared with the positive control (UAS-Atxn1-82Q/+;OK6-GAL4/+). BER, base excision repair Drosophila genes; NER, nucleotide excision repair Drosophila genes; DSB, double-strand break repair and recombination repair Drosophila genes; CLR, cross-link repair Drosophila genes; MMR, mismatch repair Drosophila genes; Other, Drosophila genes that are involved in multiple types of DNA repair.
induced lifespan shortening or elongation in the SCA1 model flies. At the same time, we tried to discover new molecules in the network that could affect the lifespan of Drosophila SCA model flies.
We used two types of algorithm for this purpose. The first network (Network-1) selected protein pathways from the PPI database when two gene products affected the lifespan directly (one segment) or via another protein (two segment). Proteins linked to a higher number of proteins were localized near the center of the map in Network-1. The second network (Network-2) selected closed triangle pathways from the PPI database when one to three lifespan-affecting proteins were components of the triangle protein pathways. The rest of the lifespan-affecting proteins were linked to the deduced network if possible. Using these two methods, we analyzed the functional relationships of lifespan-elongating genes and lifespan-shortening genes selected from DNA damage repairrelated genes by our in vivo screening.
The algorithm for Network 1 is useful for accentuating critical gene groups contributing to lifespan elongation. In this lifespan-elongation Network-1 (two-segment), RpA1 was located at the center and linked to multiple DNA damage repair or transcription-related proteins (Fig. 4A) . In this analysis, determinant genes are located in the periphery of the network. The genes linked to RpA1 could be classified to several groups that critically regulate specific types of DNA repair or transcription. The first group linked to X-ray repair cross-complementing protein (XRCC) 4 (blue circle in Fig. 4A ) were clearly related to non-homologous end-joining (NHEJ). The second group, connected to bifunctional polynucleotide phosphatase/kinases (PNKPs) such as XRCC1, ligase 3 (LIG3) and poly ADP ribose polymerase (PARP), was involved in the backup pathway of NHEJ (B-NHEJ) in addition to SSBR, BER or NER (purple circle in Fig. 4A) . Surprisingly, the third group, linked to XRCC3 (red circle in Fig. 4A ) was related to homologous recombination (HR), which functions to repair DSBs in the duplicating genome. The connotations of this shall be discussed later.
The fourth group, linked to cyclin H (CCNH; green circle in Fig. 4A ), was mainly involved in transcription. Inputs to RpA1 came from multiple proteins, including PARP1, RAD51, TOPBP1, Cdk and Ku70, while the output was only to ATR, suggesting that RpA1 is a functional target of such gene groups and that RpA1 is essential for multiple systems of DSB repair and transcription as a hub molecule. The result was consistent with the notion that RpA1 plays the most critical role in the protection of single-stranded DNA produced during various types of DNA damage repair and transcriptional interruption, and accounted for why RpA1 had the most profound effect on the recovery of SCA1 fly phenotypes.
Network-2 enucleated dense interactions among selected genes from screening (Fig. 4B ). The tumor protein TP53, hepatocyte nuclear factor 4 alpha (HNF4A) and Myc were connected to many proteins, and were suggested to be involved in multiple systems that contribute to lifespan elongation. Interestingly, according to the Allen Brain Atlas (http://developingmouse. brain-map.org/data/Hnf4a/100093888/thumnails.html), HNF4A is expressed in the adult cerebellar cortex. HNF4A is a transcription factor that interacts with CREB-binding protein and regulates gene expression, including that of cytochrome P450 3A4 (CYP3A4), which is essential for the metabolism of xenobiotics (55) . Hence, HNF4A might regulate many systems that elongate lifespan in the SCA1 model fly (Fig. 4B ). However, HNF4A by itself was not positive in the screening, and multiple paths were necessary to the positive genes (Fig. 4B) . Hence, HNF4A can be considered an indirect modulator.
In the lifespan-shortening Network-1, FEN1, LIG1, Chk1 and BLM were located at the center and linked to multiple proteins (Fig. 5A) . Interestingly, RpA1 was again located at the center and connected to BLM and FEN1, thus RpA1 could be affected by them (Fig. 5A, red circle) . In the lifespan-shortening Network-2, similar genes were selected as the main players (Fig. 5B) . RPA (a complex including RpA1 and RpA2) sends suppressive signals to FEN1 and LIG1 directly or indirectly, while RpA1 receives feedback from FEN1. ATM, ATR and Table 2 . Summary of VER screen is shown Average female:male ratio of flies that were born from mating of hSCA1 virgin females and GS lines. The P-value of Welch's t-test represents significant difference of the GS line average ratio from that of the positive control UAS-Atxn1-82Q/+;OK6-GAL4/+.
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RNA polymerase II, related to DSB repair, were linked to one or more of FEN1, LIG1, Chk1 and BLM. It is not clear why these DNA repair systems yielded unfavorable effects in the SCA1 model fly. However, one possible explanation is the competitive relationship amongst DNA damage repair systems, as suggested previously (56) .
Involvement of HR-DSBR molecules in SCA1 pathology
Molecular networks of the lifespan-elongating genes predicted from systems biology analyses ( Fig. 4A and B) included several new subgroups of DNA damage repair genes that had not been focused on previously. In particular, RpA1 is critical Table 3 . Average lifespan of flies co-expressing human Atxn1-82Q and GS line cassette-driven DNA damage repair gene (OK6 . Atxn1-82Q;GS)
The P-value in Wilcoxon's rank sum test was used to judge difference from OK6 . Atxn1-82Q flies.
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for the protection of naked single-stranded DNA produced after various types of DNA damage, and RpA1-sealed DNA is frequently repaired by HR using BRCA2 and RAD51 (Supplementary Material, Fig. S7B ). The in vivo interaction between Atxn1 and RpA1 was also confirmed using Atxn1-KI and non-transgenic littermate mice (Fig. 6C) . These results suggest that mutant Atxn1 might disturb the dynamism of RpA1 and its partner BRCA1/2, thereby impairing Fig. S7D ). Therefore, we directly examined the subnuclear dynamism of RpA1 in response to linear DNA DSBs in U2OS cells expressing mutant Atxn1 (Fig. 7A ). In comparison with control DsRed-expressing or Atxn1-33Q-DsRed-expressing cells, the accumulation of RpA1-EGFP at the site of linear DNA damage was delayed in Atxn1-86Q-DsRed-expressing cells (Fig. 7A) . Interestingly, the signal intensity of RpA1 decreased after 7 min of DNA damage induction, suggesting that RpA1 is stored in two compartments. Presumably, mobilization of RpA1 from the fast compartment is partially inhibited, and release from the late compartment is more profoundly disturbed by interaction with mutant Atxn1. This hypothesis is supported by the finding that RpA1 was sequestered to the nuclear inclusion bodies of Purkinje cells in mutant Atxn1-KI mice (Supplementary Material, Fig. S8 ). Moreover, RpA1 actually mitigated DSBs by mutant Atxn1 in Drosophila motor neurons without affecting the aggregates of mutant Atxn1 (Supplementary Material, Fig. S11 ). These results support the notion that mutant Atxn1 impairs the dynamism of the hub molecule RpA1 and influences multiple groups of DNA damage repair molecules.
Inhibition of Chk1-mediated DNA damage signaling recovers lifespan
From the lifespan-shortening gene network ( Fig. 3C and D) , we found that Chk1 received multiple signals from BLM, FEN1 and LIG1 either directly or indirectly, and that Chk1 enhances lifespan shortening of the SCA1 model fly. The screening and informatics results strongly suggested that Chk1, one of the most important transducers of DNA damage signaling, plays a critical role in SCA1 pathology. Therefore, we finally tested whether inhibition of the Chk1-mediated signal mitigates lifespan shortening in the SCA1 fly. We used a specific inhibitor of Chk1 (CHIR-124) and added it to the food (corn-meal medium) for adult Drosophila at multiple concentrations. At 0.00016 and 0.02 mg/ml, lifespan shortening The GS cassette includes the UAS, core promoter and the marker gene 'mini-white'.
Human
of the OK6 . SCA1 fly was improved (Fig. 8A) , and the effect was more remarkable at the higher concentration (Fig. 8A) . These results indicate that the Chk1 inhibitor could mitigate lifespan shortening in the adult SCA1 fly. The 35% longer lifespan in the fly treated with 0.02 mg/ml CHIR-124 provides an adequate rationale to extend our research to mammalian experiments and possibly to human clinical trials in the future.
Moreover, we tested genetic interaction between Chk1/grp and Atxn1 (Fig. 8B) . We expressed grp or grp-RNAi together with Atxn1-82Q in photoreceptor cells using the GMR-Gal4 Figure 4 . Network analysis of lifespan-elongating genes. (A) DNA damage repair network-1 to elongate the lifespan of the SCA1 fly model as predicted by ingenuity-IPA using the human PPI database. Genes linked to RpA1 are classified into three groups: genes related to NHEJ-type DSBR (blue circle), genes related to HR-type DSBR (red circle), genes related to NER and BER (purple circle) and genes related to transcription (green circle). XRCC6 (Ku70) is discriminated in this analysis from the Ku70/Ku80 complex (Ku double circle). In the purple circle, XRCC1 and LIG3 are related to SSBR and BER. PARP1 is related to SSBR and NER. XRCC1, LIG3 and PARP1 are also involved in another type of DSBR (B-NHEJ). (B) DNA damage repair network-2 to elongate the lifespan of the SCA1 fly model as predicted by ingenuity-IPA using the human PPI database.
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Human Molecular Genetics, 2014, Vol. 23, No. 5 driver. GS line was used for overexpression, while UAS-grpRNAi transgenic fly was used for knockdown. Grp-RNAi expression mildly ameliorated the phenotype while grp overexpression remarkably accelerated eye degeneration (Fig. 8B ).
In parallel, we further tested genetic interaction of RpA1/ RpA70 in eye degeneration by mutant Atxn1. We similarly expressed RpA70 or RpA70-RNAi together with Atxn1-82Q in photoreceptor cells using the GMR-Gal4 driver. Co-expression of RpA70 clearly rescued the rough eye phenotype, while the knock down worsened the phenotype (Fig. 8B) . As the therapeutic effect of RpA70 is critical for therapeutic development, we further confirmed it with scanning electron microscope (Supplementary Material, Fig. S12 ). The expression level of Atxn1-82Q was not affected by the steal effect of UAS-RpA70, as we have described (Supplementary Material, Fig. S4 ). In summary, these results in wet biological analyses verified the hypothesis obtained from dry systems biology analyses. Hence, we concluded that the systemic study with Drosophila genetics uncovered novel core networks of DNA damage repair genes responsible for the SCA1 disease pathology.
Abnormal cell cycle in Purkinje cells
Finally, we investigated why RpA1 was effective in SCA1 pathology. As shown in Figure 4A , RpA1 is linked to multiple DNA damage repair pathways, which include NHEJ type of DSBR, HR type of DSBR, NER and BER. RpA1 is basically a sealer of naked single-stranded DNA (Supplementary Material, Fig. S6 ) and contributes to HR, NER and BER, which mainly take place in proliferating cells.
Therefore, possible explanations of the effect of RpA1 would be (i) RpA1 contributes to non-cell-autonomous pathology via glial cells, including Bergmann glia or astrocytes; (ii) RpA1 contributes to stem cell pathology via embryonic or adult stem cells; and (iii) RpA1 contributes to DNA damage repair in Purkinje cells in abnormal cell cycle stages. The first possibility was suspected in analogy to the non-cell-autonomous pathology of amyotrophic lateral sclerosis (58) (59) (60) (61) or from the result suggesting the involvement of Bergmann glia in SCA1 pathology (62) . The second possibility was also suspected from the previous observation that ROR alpha affects Purkinje cells during development in the SCA1 pathology (32) . The third possibility 6) . In (A), cell lysates were precipitated by the anti-Atxn1 antibody and the precipitates were blotted by anti-RpA1 antibody. In (B), the reverse experiment was performed. (C) Cerebellar tissues from mutant Atxn1-KI (KI) and non-transgenic littermate (Wt) mice were subjected to immunoprecipitation with anti-RpA1 or anti-Atxn1 antibody. The precipitates were blotted with anti-Atxn1 or anti-RpA1 antibody, respectively. Mutant Atxn1 interacted with RpA1 at a higher affinity than normal Atxn1.
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involves the well-known concept of an abnormal cell cycle in neurodegenerative disorders, where affected neurons enter the S phase (63) . To test these three possibilities, we searched for proliferating or S-phase cells in the cerebellum. We injected BrdU into adult mice at 32 weeks and analyzed the uptake in different types of cells. We found that deteriorating Purkinje cells, which were weakly stained by anti-calbindin antibody, took up BrdU (Supplementary Material, Fig. S13 ), supporting possibility (iii). Regarding possibility (i) and (ii), we performed double staining of BrdU and a stem cell marker Sox2 in order to identify adult neural stem cells in the cerebellum that are not yet clearly understood (64) . Interestingly, a few double-positive cells were found in white matter and molecular layer of the cerebellar cortex (Supplementary Material, Fig. S13 ). Bergmann glia did not take up BrdU. In addition, gH2AX signals were not increased in Sox2-positive Bergmann cells (Supplementary Material, Fig. S14 ). These results do not support the abovementioned possibilities (i) and (ii). Collectively, we conclude that abnormal entry into the S phase in Purkinje cells might allow extraordinary usage of HR with RpA1 for DNA damage repair in Purkinje cells.
DISCUSSION
In this in vivo screen of DNA damage repair genes, eight genes, including multi-functional RpA70/RpA1 involved in DSBR and NER, BER/NER/DSBR-related CG9601/PNKP, and the XRCC4 DNA ligase homolog CG12728 for NHEJ, were shown to improve the lifespan of an hSCA1 Drosophila model. It was also shown that overexpression of three genes (RpA70, RecQ5 and Grp/Chk1) led to the recovery of the developmental phenotype in the hSCA1 Drosophila model. Considering the basic functions of these positive genes, these experiments show that DSBR, NER and BER are involved in the SCA1 pathology in different ways from the developmental stages to adulthood. Therefore, this is the first report to suggest a relevance for DNA damage repair in the SCA1 disease pathology. The relevance of BER in CAG/polyQ disease has not been reported, although NER has been implicated in CAG triplet repeat instability (65) .
Moreover, beyond this simple expectation, this study unraveled a core network and key molecules across these repair systems by integrating the results of an in vivo genetic screen with systems biology. The systematic approach elucidated complex relationships across DNA damage repair molecules and revealed the relative significance of each DNA damage repair system in the SCA1 pathology. Our results confirmed a critical role for DSBR in the SCA1 pathology, consistent with previous findings in the HD pathology (20) . Moreover, molecular networks predicted from systems biology analyses revealed that RpA1 is the most important factor exerting multiple DNA repair pathways in the SCA1 pathology (Fig. 4A) . Surprisingly, BRCA2 and RAD51 linked to RpA1 (Fig. 4A) are key players in HR-dependent DSB repair that functions in proliferating cells. Our additional analysis revealed abnormal S-phase entry in Purkinje cells in Atxn1-KI mice (Supplementary Material, Figs S11 and 12) indicating that Purkinje cells might use HR for DNA damage repair. Our experiments revealed that mutant Atxn1 delays the accumulation of RpA1 at DSB foci (Fig. 7) . Moreover, mutant Atxn1 also interacts with BRCA2 and BRCA1, which cooperate with RpA1 in HR-dependent DSB repair (Fig. 6, Supplementary Material, Figs S4 and S6-S8) . These data strongly suggest that mutant Atxn1 disturbs HR employed to repair DSB of Purkinje cells in SCA1 pathology.
A modified explanation for the use of HR could be that the XRCC3/RAD51 pathway protects the mitochondrial genome rather than nuclear genome in Purkinje cells. It is consistent with the notion that BRCA1 contributes to the maintenance of mitochondrial genome stability (66) . The other explanation for the use of HR is non-cell-autonomous pathology. DNA damage in proliferating glia might influence the fate of Purkinje cells. Actually, the support provided by Bergmann glia for Purkinje cells seems be impaired in the SCA1 pathology (62) . However, this explanation may not be available given that the DNA damage marker, gH2AX, was not increased in Bergmann glia or other glial cells of mutant Atxn1-KI mice (Supplementary Material, Fig. S14 ).
XRCC1, Lig3 and PARP, predicted from the RpA1-PNKP (polynucleotide kinase 3 ′ -phosphatase) network involved in the lifespan-elongating gene network (Fig. 4A) , are essential not only for direct SSBR (67) but also for indirect SSBR derived from BER and NER (68) or for B-NHEJ (47) . In particular, oxidative DNA damage-related NER functions mainly independently of the cell cycle and acts to remove bulky DNA adducts (69) . In mammalian NER, RPA1/RPA70 (the mammalian homolog of RpA1/RpA70) forms one of the three damage recognition factors that recruit and cooperatively bind the TFIIH complex to form pre-incision complex 1, which is responsible for the initial unwinding of damaged DNA at the assembly site (70) . Interestingly, CycH/CCNH, which showed a positive effect on the lifespan, is also a component of TFIIH. These findings suggest that the detection of DNA damage and transfer of the information to the RNA polymerase II protein complex through TFIIH are critical for the SCA1 pathology. Dysfunction of NER has been linked to a spectrum of disorders involving neurodevelopmental abnormalities; however, RPA70 has not been previously associated with a specific disease pathogenesis (71) .
DNA polymerase epsilon-PCNA-DNA polymerase eta (POLH/ DNA pol eta) had a beneficial effect on the survival of adult SCA1 flies (Fig. 3A) . This finding is also difficult to explain in terms of relevance to DNA repair in non-dividing neurons. These genes are not related to mitochondrial DNA polymerase (DNA polymerase gamma), which is involved in mitochondrial DNA damage repair (72) but is not responsible for quality control of mitochondria. Thus, again the abnormal cell cycle or mitochondrial genome repair of Purkinje cells in the SCA1 pathology would be suitable for explaining the effect of POLH.
Regarding the screening by developmental phenotype (Fig. 2) , it is noteworthy that all the identified genes were related to DSBR. RecQ5, which showed a positive effect on embryonic phenotype, is also related to HR-dependent DSBR (Table 1) , although RecQ helicases are responsible for the other types of DNA repair, including BER, MMR and replication fork arrest (73) . This is also the case with RpA70, which binds to single-stranded DNA and regulates the switch between NHEJ and HR in DSBR (74) . Grp/Chk1 also functions in DNA damage repair in DSB by pausing the cell cycle to allow time for repairing genome damage (75) . The specific dependence of embryonic SCA1 pathology on DSBR might be interesting from the viewpoint of stem cell proliferation/differentiation.
In this study, we did not investigate the detailed role of RBM17/ SPF45, which has Holliday junction-binding activity (43) . This is because the worsening effect of RBM17 on mutant Atxn1-induced eye degeneration has already been reported with a Drosophila model (14) . As shown here, the overexpression of some DNA repair genes worsens the Drosophila SCA1 phenotype. Therefore, the previous finding with regard to RMB17/SPF45 could be a phenomenon homologous to our results. However, the detailed relationship of RMB17/SPF45 to neurodegeneration via its function in splicing and DNA repair (43, 76) should be investigated in the future.
The pathogenesis of several SCAs has been linked to DNA repair (77, 78) . Ataxia telangiectasia is caused by dysfunction of the ATM gene, the regulator of the signaling network responsible for co-ordinating the repair of DSBs (52) . Ataxia with ocular apraxia type 1 (AOA1) is caused by mutations in aprataxin (79, 80) , a member of the HIT gene superfamily that is mainly involved in SSBR (77, 81) . AOA2 is associated with mutations in senataxin (82), the ortholog of yeast RNA helicase, which seems to resolve DNA -RNA hybrids formed at the transcriptional pause (83) and may be involved in multiple types of DNA repair, including transcription coupled repair (84) . The close homology between such non-polyQ SCAs and SCA1 further confirms the critical role of in DNA repair functions in cerebellar degeneration.
This study also provides new molecular targets for therapeutics for SCA1. RpA1 supplementation remarkably elongated the lifespan of the SCA1 fly (Fig. 3A) and rescued eye degeneration (Fig. 8B, Supplementary Material, Fig. S10 ). An inhibitor of Chk1, which has been already used in the treatment of human cancer, also elongated the lifespan (Fig. 8A) . Other candidate molecules that have been shown in this study may also prove useful for the therapy of SCA1.
In conclusion, this paper reports core networks and key molecules in DNA damage repair in SCA1. These notions would lead to understanding of SCA1 pathology and developing new therapeutic approaches to SCA1 in the future.
MATERIALS AND METHODS
Immunohistochemistry of Drosophila
The proboscis, wings, legs and abdomen were removed from an adult female fly, and the residual head and thorax were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min on ice. The fixed flies were incubated in 30% sucrose in PBS longer than overnight at 48C. After the heads were frozen in dry ice/n-hexane, 10-mm horizontal sections were made with a cryostat microtome and stained with anti-histone H2Av pSer137 AP09307PU-N antibody (Acris, rabbit, diluted 1:200) or ataxin-1 H21 antibody (Santa Cruz, goat, diluted 1:100) and Alexa Fluor 488-or Cy5-conjugated secondary antibodies (Jackson, diluted 1:50). All preparations were mounted in 'VectaShield with DAPI' Mounting Medium (Vector Laboratories, Burlingame, CA, USA).
Immunohistochemistry of mouse
Fresh brains of heterozygous Atxn1-154Q-KI (32 weeks) were fixed in phosphate-buffered 4% paraformaldehyde and embedded in paraffin. Sections (thickness: 5 -10 mm) were dewaxed in xylene and rehydrated using a descending ethanol series. Sections were boiled in 10 mM citrate buffer (pH 6.0) in a microwave oven three times and kept at room temperature for 30 min after the final boiling. Incubation in PBS containing 1% bovine serum albumin and 0.01% (v/v) Triton X-100 was performed for 30 min to block nonspecific binding. Samples were incubated overnight at 48C with a primary antibody, followed by incubation with a secondary antibody for 1 h at room temperature. After a 2-min DAPI treatment, the brains were mounted using Fluoromount and covered using coverslips. Cells were visualized using confocal microscopy (Zeiss LSM510; Carl Zeiss, Oberkochen, Germany).
Primary antibodies and dilution conditions were as follows: anti-CAG antibody (HD1; gift from Dr Wanker, rabbit 1:100), anti-Atxn1 antibody (11NQ, clone N76/8; mouse, 1:100; Millipore, Billerica, MA, USA), anti-RpA1 antibody (H-7, rabbit, 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-RpA1 antibody (mouse monoclonal, Calbiochem, 1:100), anti-BRCA1 (C-20; rabbit, 1:100; Santa Cruz Biotechnology), anti-BRCA2 (ab123491; rabbit, 1:100; Abcam, Cambridge, UK) and anti-H2AX (Ser139; mouse, 1:500; Millipore). Secondary antibodies and dilution conditions were as follows: Alexa Fluor 488-conjugated anti-mouse antibody (Molecular Probes, Eugene, OR, USA; 1:1000) and Cy3-conjugated anti-rabbit antibody (Jackson Laboratory, Bar Harbor, ME, USA; 1:1000).
Immunoblotting of Drosophila
For western blot sampling, 25 female flies were dissolved in 50 ml of lysis buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% (w/v) sodium dodecyl sulfate (SDS), 2.5% (v/v) 2-mercaptoethanol, 5% (v/v) glycerin and 0.0025% (w/v) bromophenol blue. Samples were separated by SDS -PAGE, transferred onto Immobilon-P Transfer Membrane (Millipore, Germany) by semi-dry method. The filters were blocked by 5% milk in Tris-buffered saline (TBS) with Tween 20 (TBST) (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween 20) and incubated with each primary antibody for overnight at 48C. Primary antibodies were; mouse anti-RPA-70 (1:200, H-7, Santa Cruz, CA, USA) and mouse anti-actin (1:1000, C4, Chemicon, Millipore, Germany). The filters were then incubated with the horseradish peroxidase (HRP)-conjugated anti-mouse IgG (GE Healthcare, Amersham, UK) at a 1:10 000 dilution for 1 h at room temperature. Finally, target molecules were visualized using Enhanced Chemiluminescence WB detection system (GE Healthcare).
Real-time PCR
Total RNA was prepared from 10 whole flies (3 days old) with RNeasy mini Kit (Qiagen, Germany). To eliminate genomic DNA contamination, on column DNA digestion was carried out for each sample with DNase I (Qiagen). The purified total RNA was reverse-transcribed with superscript VILO (Invitrogen, CA, USA). Quantitative PCR analyses were performed with the 7500 Real-Time PCR System (Applied Biosystems, CA, USA) using the Thunderbird SYBER Green (TOYOBO, Japan) for RpA70, Atxn1 and actin5C. The primer sequences were Act5C, forward primer: CCGAGCGCGGTTACTCTTT and reverse primer: CAACATAGCACAGCTTCTCCTTGAT; RpA70, forward primer: CAAAATGGTCCTGGCATCTT and reverse primer: CCAGCATCGCATAGCTGTTA; and Atxn1, forward primer: GCACTGACATGGAAGCGTCG and reverse primer: AGTTCTCGCTCTTGGGAAGG.
Immunoblotting of primary neurons
For western blot sampling, samples from the culture of cerebellar granular neurons were collected 4 days after infection. Samples were washed three times with ice-cold PBS and dissolved in lysis buffer containing 62.5 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 2.5% (v/v) 2-mercaptoethanol and 5% (v/v) glycerol. Protein concentration was quantified using the BCA method (Micro BCA Protein Assay Reagent Kit; Pierce Chemical, Rockford, IL, USA).
The dilution conditions of primary and secondary antibodies for immunoblotting were as follows: mouse antiphosphohistone H2AX (gH2AX) (1:750, Ser-139; Millipore), mouse polyglutamine (IC2) (1:2000, MAB1574; Chemicon, Temecula, CA, USA), goat Atxn1 (1:1000, H-21, Santa Cruz Biotechnology), mouse anti-glyceraldehyde phosphate denydrogenase (1:10 000, Millipore), HRP-conjugated anti-mouse IgG (GE Healthcare) and HRP-conjugated anti-goat IgG (1:3000, Dako, Glostrup, Denmark). Antibodies were diluted in TBST with 5% skimmed milk.
Drosophila homolog DNA repair gene search strategy
A comprehensive up-to-date list of human DNA repair genes ('Human DNA Repair Genes' available from http://sciencepark. mdanderson.org/labs/wood/dna_repair_genes.html) was compared with NCBI HomoloGene (http://www.ncbi.nlm.nih.gov/ homologene) in order to identify all available Drosophila homolog genes. Forty-one available 'GS lines' of Drosophila homolog DNA repair genes were identified from FlyBase (http:// flybase.org/) ( Table 1 ).
Drosophila models with overexpression of a DNA repair gene
The GS system is a method for the efficient detection and rapid molecular identification of genes in D. melanogaster. A P-element-based GS vector, containing the UAS, core promoter and the marker gene 'mini-white', is randomly inserted into the Drosophila Genome. The target gene (in this case a DNA repair gene) is then flanked by the inserted P-element, which drives the gene overexpression when a transgenic fly of the GS line is crossed with flies bearing GAL4 drivers. A novel hSCA1 Drosophila model combining the mutant human Atxn1 82Q (hAtxn1 82Q ) gene with an OK6-GAL4 driver was used in this study due to its properties of short generation time and quantitative phenotype, making it an appropriate candidate for this initial screen of multiple genes. UAS:atxn1-82Q) and UAS-mKu70 and OK6-Gal4 and their genetic control, Cantonized w 1118 strain, w(CS10) which is the parental strain of all transgenic flies used in this study, were the same as those used in previous research (19, 44) . RNAi lines for RpA70 (9633R-3) and grp (17161R-2) were obtained from National Institute of Genetics (Mishima, Japan). Virgin females for each cross were collected within 8 h of adult clearing and held in maximum numbers of 20 per vial for 3-4 days before being used in the matings.
For life span controls, the genotype of the positive control flies was y 
VER of hSCA1 Drosophila
The standard eclosion rate of transgenic Drosophila models expressing hAtxn1-82Q could not be assessed under the control of the OK6-GAL4 driver, due to an inability to assess expression in larvae with the balancers employed, namely Curly O (CyO) and Sternopleural (sp) for 2nd Chromosome-linked GS line genes and TM3 Serrate (TM3 Ser) and Stubble (sb) for third chromosome-linked GS line genes. Therefore, the viability of the genotypes of interest was estimated via a new method labeled VER. In the VER assessment, the ratio of hAtxn1-82Q-expressing GS line females and hAtxn1-82Q non-expressing GS line males was calculated over a period of 7 days starting from the first eclosion. Limitations in using VER include the fact that it does not directly reflect eclosion rate and cannot determine the stage of developmental toxicity of the mutant polyQ protein that was repressed.
The detailed methods of mating flies were different among GS lines that have GS cassette on different chromosomes (control, 2nd, 3rd and X). For positive control experiment, UAS-Atxn1-82Q males and OK6-Gal4 females were simply crossed. Because UAS-Atxn1-82Q is located in X chromosome, the F1 female but not male carries UAS-Atxn1-82Q construct. See the following scheme.
For the GS lines that have GS cassette on 2nd chromosome, first UAS-Atxn1-82Q; CyO/sp; +/+ females were crossed with +/Y; GS; +/+ males. Then, the resultant F1 males, UAS-Atxn1-82Q/Y; GS/sp; +/+ were crossed with OK6-Gal4 females. We counted F2 flies without sp. See the following scheme.
For the GS lines that have GS cassette on 3rd chromosome, first UAS-Atxn1-82Q; +/+; TM3 Ser/sb females were crossed with +/Y; +/+; GS males. Then the resultant F1 males, UASAtxn1-82Q/Y; +/+; GS/sb were crossed with OK6-Gal4 females. We counted F2 flies without sb. See the following scheme.
For the GS lines that have GS cassette on X chromosome, we employed OK6:+ ratio instead of female:male ratio. First OK6-Gal4 males were crossed with GS; +/+; +/+ females. Then the resultant F1 males, GS/Y; OK6/+; +/+ were crossed with UAS-Atxn1-82Q females. We counted F2 females with or without OK6. We discriminated these flies based on very red eye of OK6. See the following scheme.
For mating, all adult flies from the final generations were selected and their phenotype checked under a microscope.
Survival analysis of hSCA1 Drosophila
Life span experiments were performed at 258C and 60 + 10% humidity under a 12:12-h light -dark cycle using the same corn medium used for the creation of the final generation. Flies were etherized only on the first day of their lives for selection purposes. Twenty flies were maintained per vial and transferred to new vials with fresh medium every 2 -3 days. Two to 3 runs were conducted for each separate experiment with the number of dead flies counted and removed every 2 -3 days. Any flies that escaped were eliminated from the experiment.
For each run, the median and mean life spans were calculated and incorporated into life tables. Daily survivorship curves were constructed. No further statistical analysis was undertaken as the full lifespan of flies was not observed due to time constraints on the research.
Systems biology analysis
Systems biology analyses were performed using Ingenuity-IPA software (Ingenuity Systems, Inc., Redwood City, CA, USA) based on human databases, since only the Drosophila genes possessing human homologs were employed for in vivo screening. This is also because no Drosophila database is available for the Ingenuity-IPA software. In path-explorer analysis (shortest +1), a new path appeared when two genes were connected to the same new molecule. Genes found in in vivo screening and path-explorer analyses were further investigated by 'core analysis' to deduce the signaling pathway containing the genes at a high frequency. Enrichment analysis was performed by Fisher's exact test with the B -H multiple test correction to calculate q-values. For core analysis, we first employed the eight most popular PPI databases (BIND, BIOGRID, Cognia, DIP, INTACT, Interactome studies, MINT and MIPS) and then included the Ingenuity original database, including 'indirect interactions' based on research papers (miRecords, TarBase, TargetScan Human, Clinical Trials .gov, Gene Ontology, GVK Biosciences, KEGG, miRBase, MGD, Obesity Gene Map Database) in addition to the eight PPI databases.
Plasmid construction
pDsRed-monomer C1, Atxn1-86Q-pDsRed, myc-Atxn1-33Q and -86Q were described previously (45) . For construction of the EGFP-RpA1, cDNA fragments of full-length RpA1 were amplified by polymerase chain reaction from B6 wild-type mouse embryonic brain RNA and subcloned into pLVSIN-CMV-pur (Takara, Shiga, Japan) between the EcoRI and XhoI sites, and again subcloned into pEGFP-C1 (Takara) with EcoRI-BamHI.
Laser microirradiation
Laser microirradiation and signal acquisition from the damaged area were performed as described previously (45) . U2OS cells grown on 25-mm coverslips were co-transfected with RpA1-EGFP and pDsRed-monomer C1 or Atxn1-86Q-pDsRed. After 24 h, cells were treated with 2 mM Hoechst33258 (Dojindo, Kumamoto, Japan) for 20 min to sensitize the cells to DSBs. Using the software (AIM4.2; Carl Zeiss) included in the microscope (LSM510META; Carl Zeiss), rectangle-shaped areas located at the cell nuclei were irradiated by UV laser (maximum power: 30 mW, laser output: 75%, wavelength: 405 nm, iteration: 5, pixel time: 12 msec: zoom 6), and time-lapse images were obtained every 30 s. Regions of interest (ROIs) matching exactly with the bleached area were determined using Adobe Photoshop CS3, and mean signal intensities per pixel of RpA1 were obtained from the ROIs. Signal intensity was normalized by that of the nonirradiated area, and the data were represented in terms of normalized fluorescence units.
Chemical rescue of hSCA1 Drosophila
A specific inhibitor of Chk1, CHIR-124 (AXON MEDCHEM) was dissolved in 5 mg/ml in 1 N HCl and diluted to multiple concentrations of 0.05 N solution. Three milliliters of the solution were added to 1 g of the Drosophila medium [1:1 mixture of Instant Drosophila Medium D7670 (Sigma-Aldrich, St. Louis, MO, USA) and Formula 4-24 Instant Drosophila Medium (Calolina)] to make the final concentration of the meal described in the figure. For the control, an equal amount of 0.05 N HCl was added to the medium.
Immunoprecipitation
HeLa cells (2 × 10 6 ) plated on 10-cm dishes were transfected using Lipofectamine 2000 (Invitrogen) following the commercial protocol and incubated for 36 h. After washing with PBS twice, cells from a dish were homogenized with 2 ml of TNE buffer [10 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM ethylenediaminetetraacetic acid (EDTA); 1% Nonidet P-40] and incubated at 48C with rotation. Thirty minutes after the rotation, solutions were centrifuged at 1 × 10 4 g for 20 min. The supernatant was incubated with protein G-agarose beads (GE Healthcare) for 2 h at 48C with rotation. After the beads were removed, the lysates were incubated with 2 -10 mg of anti-Myc, anti-RpA1 or anti-BRCA1/2 antibody overnight at 48C with rotation and with protein G-agarose beads thereafter for 2 h. The beads were washed three times with 500 ml of TNE buffer and resolved using SDS-polyacrylamide gel electrophoresis sample buffer. Mouse brains (20 weeks old) were homogenized in TNE (10 mM Tris -HCl, pH 7.5; 150 mM NaCl; EDTA; 1% Nonidet P-40), and centrifuged at 2000g for 1 min at 48C. The supernatants were immunoprecipitated using a similar method. Four hundred micrograms of protein were incubated with anti-RpA1 (H-7; Santa Cruz Biotechnology; 1:20) or anti-Atxn1 (11NQ, clone N76/8; Millipore; 1:100). For western blot, primary antibodies, including anti-Myc (9E10; Santa Cruz Biotechnology; 1:500), anti-RpA1 (H-7; Santa Cruz Biotechnology; 1:100), anti-RpA1 (B-10; Santa Cruz Biotechnology; 1:1000 for mouse sample), anti-BRCA1/2 (Abcam; 1:2000) or anti-Atxn1 (11NQ, clone N76/8; Millipore; 1:2000). HRP-conjugated antimouse or anti-rabbit IgG (Amersham) was used at a dilution of 1:3000.
Statistical analysis
Comparisons between GS lines and control Drosophila models for VER were evaluated using a two-tailed Welch's t-test, because prior to the start of the experiment, the effect the DNA repair gene overexpression on VER was not known. In addition, it was not possible to determine if the variance of the data between GS lines and controls was equal.
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